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ABSTRACT 



Techniqiies using one or more drugs and electrical .stimula- 
tion for treating a neurological disorder, including epilepsy, 
by means of an implantable signal generator and dectrode 
and an implantable pump and cathetet A sensor is used to 
detect a seizure or symptoms resulting from the onset of a 
seizure. A microprocessor algorithm analyzes the output 
from the sensor in order to regulate the stimulation and drug 
dosage delivered to the neural tissue. 

6 Claims, 5 Drawing Sheets 
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TECHNIQUES FOR TREATING EPI1£PSY Hz. or higher) of certain brain structures can alleviate, 

BY BRAIN STIMULATION AND DRUG diminish, or conqdetely stop syn^rtoms of tremor, rigidity, 

fl^fUgXON akinesia or hcmiballism much like creating a lesion. Pub- 
lished targets of stiimJation include the VTM (ventral inter- 

BACKGROUND OF THE INVENTION 3 mediate thalanms), subthalamic nucleus, and intcnial globus 

1. Field of thclnventicai ^^'''^iLij _ t m t ^ on c-t, 1^ loot ^ 
„ . . , . ■ . ^ , ^. J Benahid ct zL {The Lanca, V>1 337: Feb. 16, 1991, pp 
This iDvcntiOD relates to neural tissue stunulahon and 403,406) bavc shown that stimulation of the Vim nucleus of 

infusion techniques, and marc particukdy relates to such Thalamus will block trcmoL In this instance, stimulation 

techniques for treating epilepsy. frequencies around 100 to 135 pulses per second accom- 

2. Descr^ticm of Related Art pUshes the same physiological response as a lesion of this 
Epileptic seizures arc the outward manifestation of exoes- region. Beoabid' s research team has extended this work to 

sivcand/orhypcrsynchrxinousabnomialactivity of neurons stimulation of the suhthalamus in order to help reduce 

in the cerebral cortoi. Seizures arc usually self limiting. synqrtoms of motion disorders ("Vim and STN Stimulation 

Many types of sdrutes occur. The behavioral features of a Mmement Disorders, VtA 9, SuppU- 

seiziieiSlcctfuiKiionofthcpoitionofthccortcxwhcKthe n^ml{\my.'^cA ot,V^}^^ov^ 

hyp^ aoivity is ™g. Sel^ can be geno^d, • t^^^^^^O 1?^^"^^^ f^^^^ 

appearing to mvolve the eohxc hram sjjftaaeoudy^^^ ^ cl^S^^oi of neurons at lower sOmulns pulse 

craluxd saTurcs can result in the loss of consaous awaro- ^^^^^ ^ activate the neurons. 

nessodyand^en(^edabseD«5euuitsa^^ 20 Hectrical stimulation cf the nervous system has been used 

refecred to as "petit mal ). A^temativdy, the gcncraUzed ^ ^ stimnlatcd the 

seizure may result in a convulsion with tomo<lomc con- cerebcUum [*11ie Effect of Onoiiic Sdnmlation cf Ccrebcl- 

tractions of the musdcs ("graod mall" seizure). Some types Epilepsy in Man", L S. Cooper, L Amin, S. 

of seizures, partial seizures, begin in one part of the brain Gihnan an J. M. Waltz in The Cerebellum, EpUepsy and 

and remain local. The person may remain conscious 25 Behavior, Cooper Riklan and Snider ed. Plenum Press, NY, 

throughout the seizure. If the person loses consciousness the 1974] Velasco et aL have stimulated Centre Median nudeus 

seizure is referred to as a complex partial seizure. gf the thalamus [Electrical Stimulatioo of the CcntromediaD 

Rcseardicrs have developed several Uncs of evidence in Thalamic Nudeus in control of Seizures: Long-Term 

studies wifli animals to demonstrate the existence of a Studies^ F. Vdasco, M. Velasco, A L Velasco, F Tunenez, I 

system which can control the propagation and/or the ^n- 30 Maiqaez, and M Rise, Epilepsia, 36tl):63-71, 1995] Sus- 

erationof different kinds of seizures. The involvement of the sman ct al. have stiranlatcd the antericr nudttis of the 

substantia nigra, a particular portion of the brain considered thalamus to treat epilepsy [Sussman N M, Goldman H W, 

to be part of neural circuitry referred to as the basal ganglia, Jadkcl R A, "Anterior Thalamic Stimulation in Medically 

was first suggested by Gale {Fed, Proc, 44, 2414-2424, Intractable Eialqjsy Part Q: fteliminary Clinical Results", 

1985). Considerable evidence has been generated through 35 Epilepsia 1988; 29:ff77]. Durand dectrically stimulated the 

research to support this obsavation and was reviewed by focus of seizure origin to inhibit synchronized neuronal 

Depaulis, Vcrgncs and Marescaux (Progress in activity in the hippocan^ slice model [Durand, D. "Eiec- 

NcuTobiology, 1994, 42:33-52). Researciiers have shown trical Stimulation Can Inhibit Synciironized Neuronal 

that the inhibition of the substantia nigra will increase the Activity", Brain Research: 382:139-144, 1986., Durand, D, 

threshold for seizure occurrence in experimental animal 40 andWarmanE.,Desyndironization of Epileptiform Activity 

models of cpflepsy. by Extracellular Current Pulses in Rat hippocampal SUces, 

Neurosdcntbts now have a better understanding of the Journal of Physiology (19W), 4803] More recently Schiff 
neural connections that make up the basal ganglia. These et aL used chaos theory to apply stimulation to a seizure . 
connections are reviewed by Alexander et aL (Alexander, focus to abort the seizure [S. Schiff, K. Jerger, D Duong, T. 
Qutdicr, and DeLong. '^asal gangliaJhalamocortical cir- 43 Chajig, M. Spano & W Ditto, 'Xlkintrolling Chaos in the 
cuits: parallel substrates for motor, oculomotor, 'prefrontal' Brain", Nature, Vol 370, 25 Aug., 1994]. 
and limbic' functions.'' Prog. Bruin Res. 85:119-I46.).'nie Infusion of certain dregs into a region of the brain can 
substantia nigra receives input from the subthalamic nucleus affect fte exdtabiiity of the neurons at the site of infusion. 
(STN) whidi is excitatory and iirvoivea glutamate as the Smith et. al. infused hdocaine hydrochloride into the foais 
neurotransmitter conveying information at the synapse; 30 of rats with focaUy induced generalized seizures showing 
Bergman et aL have shown that a lesion of the subthalamic the seizure could be suppressed [Douglas Smidi, Scott 
nucleus wiU reduce the inhibitory output of the internal Krahl, Ronald Browning and Edwin Barea, '"Rapid Cessa- 
segment of the globus pallidus and substantia nigra tion of Focally Liduced GencralLzcd Seizures in Rats 
leticulala(SN) (H. T. Bergman, T. Wichmann, and M. R. Through MiaoinfTjsionofLidocaine Hydrochloride into the 
DcLong, 1990, Scitfncff, 249:1436-1438). The subthalamic 33 Focus", Epilepsia, 34(l):43-53, 1993] Depaulis et aL 
nudeus receives input from the external segment of the IBrain Research, 498 (1989) 64-72] have infused imiscimol 
globus pallidusCGPe). This input is inhibitory using GABA into the substantia nigra of rats suppressing the occurrence 
as a transmitter sutstanoc. Hence, increased activity of the of splke-and-wave discharges in animal models of non- 
neurons in GPe wiU increase inhibition of neurons in the convulsive epilepsy. Mirsld, McKcoa, and Fccrcndclli 
sobthalamic nucleus which will reduce the cxdtatioQ of (o [Bm/n /?«tfa/c/i, 397 (1986)377-380) showed that infusion 
neurons in (he substantia nigra. of an inhibilcr of GABA transaminase into the antraior 

Neurosurgeons have l>een able to dhninlsh the synqnoms thalamic nudeus protected rats against FTZ induced gcncr- 

of many Oeural disorders by lesipning certadQ hrain areas. alizcd seizures but not those caused by maximal elec^ 

Lesions of the ventral lateral portion of the internal Globus fcroshock while i nfiision of the agent into the substantia nigra 
Pallidus andA^TTialanms can aUcviate certain disorders of 65 had the opposite effect 

movcmcBL In addition, it has been demonstrated fliat open- Researchers have devised algorithms to detect the onset of 
loop Deep Brain Stumilaiion (DBS) at high frequcndes (100 a seizure. Qa and Gotman report a system that recognizes 
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patterns of electrical activity similii to a template developed DESCRimON OF THE PREFERRED 

fiom recMding aa actual seizure. [H. Qu and J. Gotman, "A EMBODIMENTS 

Scizarc Warning System for Long-term Epilepsy Refaring to FIG. 1, a system or device 10 made in 

Monitoring", 7V(f«mto©v 1995:45:2250-2254.1 OsarioeLaL accordance with the preferred embodiment may be 

have reported an algorithm applied to signals recorded from 5 in^iiantcd below the jiVin of a patient The doice has a p<Mt 

intracranial dcctrodcs ct?>ahlc of lOOft seizure detection 14 into which a hypodermic needle can be inserted through 

rate with 0% false negatives and minimal false positives. (1 the skin to inject a quantity of a liquid agent, such ai a 

Osario, M. Frd. D. Ixmer, S. Wilkinson, "A Method fa medication or dmg. The liquid agent is delivered from 

Accurate Automated Real-time Seizure Detection", device 10 through a catheter port 20 into a catheter 22. 

Epilepsia, VoL 36, SuppL 4, 1995]. ' 10 Catheter 22 is positioned to ddiva the agent to specific 

c I ix^fvi A uv np xmr TMVFNTinN infusion sites in a brain (B). Device 10 may take the fonn of 

SUMMARY OF THE INVEimON liko-numbercd device shown in U.S. Pat. No. 4,692,147 

A prefeired form of the invention uses ooe or mere drugs (Duggan), assigned to Medtronic, Inc., Minneapolis, Minn., 

and electrical stinaulaiion to treat a neurological disorder, which is incorparated by reference, 

such as epilepsy. The treatment is carried out by an in^lant- 15 -fbe distal end of cathctca- 22 taminates in a cylindrical 

able pump and a catheta havit^ a proximal end coqplcd to hollow tube 22A having a distal end 25 implanted into a 

the pung> and having a discharge ponion for inftjsing portion of the basal ganglia of the brain by conventional 

therapeutic dosages of the one or more drugs into a predc- stereotactic surgical technlQues. End 25 is provided wife 

termiDcd infusion site in a brain. The treatment also nay be mimi pOTous portions 27-29 in the prefen y'< pmhnftimqn^ \^ 

carried out by an implantable signal gencratar and one or 20 7F ror<g); h offic^ multiple boles or slits w i fliin portions Ol\P\ 

more raq)lanlaWe electrodes for electrical^' stimulating a J^-JS ^yldJilsoSliiseil. Additional details about pcctions ^ 

predetermined stimulatitMi site in the brain. "zf^ may be obtained from pending U.S. application So: \q \ 

By using the foregoing techniques, neurological pio. OS/430,960 entitled "Intraparencbymal Infusion Cath- 

disordcr^, including epilepsy, can be treated and seizures can cter System," filed Apr. 28, 1995, in the name of Dennis 

be alleviated or prevented with a degree of efficacy and 25 Elsberry et aL and assigned to the same assignee as the 

reliability unavaiUble in prior techniqiies. present aj^licatian. Referring to FIG. 5, tube 22A includes 

Another form of the invention uses a sensor in combina- an outer cylindrical insulating jacbrt 30 and an inner cylin- 

tion with the signal generator, one or more stimulating drical insulating jacket 32 that defines a cylindrical catheter 

electrodes, punq) and catheter to treat a neurological disor- lumen 34. A multifllar coil, strands of wire or flexible printed 

dcr. In this form of the invention, the sensor generates a circuit 36 is enobedded in tube 22A as shown, 

sensor signal related to a condition resulting from the onset Tube 22A is surgically iirqplanted thrai^ a hole in the 

of a seizure, including a seizure itself. Control means skull 123 and catheter 22 is implanted between the skull and 

responsive to the sensor signal regulate the signal genaator the scaJp 125 as shown in FIG. 1. A stylet nnay be placed into 

and pump so that the neurological disorder is treated, and the center of tube 22A to give it stiffness when introducing 

seizures are alleviated or prevented. the tube into the brain or other neural tissue. After the stjdet 

By osing the foregoing techniques, the symptoms of many is removed, center lumen 34 constitutes a catheter which can 

neurological disorders, including q)ilcpsy, can be controlled be used to infuse an agent, including a drug. CaActer 22 is 

to a degree unattainable by prior art methods cr apparatus. joined to implanted device 10 in the manner shown. 

^ „ ^„ .„rr^T,^c Device 10 is implanted in a human body in a 

BRIEF DESCRIPTION OF THE DRAWINGS ^ ,^^^^,u\>cm^co^^pocl^tMmnBlivi^y.i^c^^^ 

These and other advantages and features of the invention j^ay be implanted in the abdomen, 

will become apparent upon reading the following detailed Catheter 22 may be divided into twin tubes 22A and 22B_ 

description and referring to the accompanying drawings in f£ot sho^Ti ) that are implanted into the brain bilaterally (not 

which like numbers refer to like parts throughout and in ^ a hovUnj/ a itemativelyrtobe 22B may be supplied with druj^ 

which: tf^ascparate catheter and pump. 

FIG. 1 is a diagrammatic illustration of a combined Referring again to FIG. 1, a system or device 16 made in 

catheter and electrode in^jlanted in a brain according to a accordance with the preferred embodiment also may be 

preferred embodiment of the present invention, and a signal implanted below the skin of a patient Device 16 may take 

gcnaator and pump coupled to the combined catheter and ^ pf ^ modified signal generator Model 7424 manu- 

electrodc; factured by Medtronic, Inc. under the trademaik Itcel n 

FIG. 2 is a schematic block diagram of a sensor and which is incorporated by reference, 
analog to digital converter circuit used in the preferred distal end of tube 22A terminates in stimulation 
cnAodimcjit of the invMtion; electrodes 38 and 40 (FIG. 6) that can stimulate neurons 
FIG. 3 is a flow chart illustrating a prcfcned form of a N1-N3. Each of electrodes 38 and 40 is individually con- 
microprocessor program for utilizing the sensor to control netted to device 16 through a conductor in wire 36 (HG. 5). 
drug dosage administered to the brain; The wires exit cath^cr 22 to fonn a cable 42 whidi is joined 
FIG. 4 is a schematic block diagram of a microprocessor to ic^Iantcd device 16 in the matmer shown in FIG- 1. 
and related ciroutiy for utilizing the sensor to control WHlc the prcfened embodiment shows two electrodes on 
stimuladon administered to the brain; go 22A (FIG. 6), some applications may require a greater 

FIG. 5 is a cross sectional view of the cathetcr-dcctrode numbei. 

taken along line 5—5 of HQ. 6; Referring to FIG. 1, device 16 is implanted in a human 

HG 6 is a diagrammatical view of the catheter-electrode body also in a subclavicular, subcutaneous pocket, 

shown in FIG. I arranged adjacent neural tissue; and AltCTnativcly, device 16 may be implanted elsewhere, such 

FIGS. 7A-7C are timing diagrams showing the relation- 65 as in the abdomen, 

ship between the administration of drugs and electrical A sensor 130 is implanted into a portion of a patient's 

stimulation to neural tissue. body suitable for detecting a condition resulting from the 
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onset of a seizure, indudiDg a seizure itself. The seosor 
indudes a tube 50 feat carries recording electrodes 52 and 
53, Sensor 130 is adapted to sense an attribute of the body 
(hal diangcs in advance of or during a seizure. Sensor 130 
toay be located on a separate lead as shown in FIG. 1 or it 
may be located on tube 22A. 

Scnscff 130 may take the fotm of a device enable of 
detecting nerve cell or axon activity that is related to the 
pathways at the cause of a seizure symjTtcsa, or that indicates 
sensations whidi are elicited by fee onset of a seizure. Such 
a sensor may be located deep in the brain as show in FKj. 
1. For such detecting, sensor 130 may take the form of an 
electrode inserted into the thalamus, internal capsule; 
hippocampus, cortex or basal ganglia of the brain. 
Alternatively, the electrode may be insetted into fee seizure 
focus or part of the central nervous system where seizures 
begin. Sigpals feat are received by the sensor may by 
amplified before transmission to circuitry contained within 
device 10 or device 16. Brain EEG recorded above the 
cortical surface also may be detected by sensor 130. 

Yet anofeer form cf sensor 130 would include a device 
capable of dctccdog nerve compound action potentials (e.g., 
either sensory afferent infcHinatton &om muscle or skin 
receptors or cETercnt motor potentials controlling a musdc of 
interest). 

Sensor 130 may take the form of a transducer consisting 
of an electrode wife an ion sdective coating ^plied whidi 
is capable of directly transducing fee amount of a particular 
transmitter substance or its breakdown by-products found in 
fee interstitial space of a region of the brain sudi as fee 
hippocanqHJS or feaiamus. Tbt level of fee interstitial trans- 
mitter substance is an indicator of fee relative activity of fee 
brain region and fee onset of a sniimc. An example of this 
type of traDsduccr is described in fee paper ^'Moltichannd 
semiconductor-based dcctrodes for in vivo clcdrocfaeraical 
and electtophysiological studies in rat CNS" by Craig G. van 
Home, Spenccx BcmcnL Barry J. HofFcr, and Greg A. 
Gcrhardt, published in Neumscience Letters, 120 (1990) 
249-252. 

Sensor 130 may sense three-dimensional or two- 
dimensional modon characteristic of seizure activity, such as 
by an accderometer. One such sensor suitable for use wife 
fee present invention is described in U^. Pat No. 5^93,879 
(Vonk et aL). Another suitable accelerometer is foimd in 
pacemakers manufactured by Mednonlc, Inc. and described 
in patent application Ser. No. 08/399.072 entitled "Package 
lategtaied Accelerometer", filed Mar. 8, 1995, in fee names 
cf James Sikorski and Laxry R. Larson. Sensor 130 also may 
be placed In device 10 Id order to detect abnormal movement 
resulting &om the motion disorder being treated. 

Sensor 130 also may be capable of detecting gravity 
direction or motion relative to some object (eg., a magiiet) 
dfeer implanted or fixed nearby. Sensor 130 need not be 
implanted in fee brain. Sensor 130 also noay take fee form 53 
of a device capable of detecting force in musdes or at joints, 
cr pressure. 

Sensor 130 may detect muscle EMG in one, two or more 
nuiscles, or in reciprocal muscles at one joint. For such, 
detection, sensor 130 may take fee form of a lead wife one 
or more recording dcctrodes inserted into fee nousde of 
interest. 

For certain types of patients, sensOT 130 may take fee 
form of a device detecting fee posture of fee patieru, sudi as 
toe device shown in U.S. Pat No. 5,031^18 (MuUctt). 

Sensor 130 may detect physiological paouneters such as 
heart rate or respiFation rate. Sensor 130 may be physically 



located outside of fee body and communicate wife the 
implanted portion through tdemetry. 

Referring to FIG. 2, fee ou^uts of dectrodes 52 and 53 
of sensor 130 are coupled by a cable 132 comprising 
conductors 134 and 135 to fee input of analog to digital 
conyotcr 140. Altemativdy, fee ou^nt of an external feed- 
back sensor would conunucicate wife fee implanted pulse 
generator through a telemetry downlink. The output of fee 
analog to digital ccmverter is connected to terminals EF2 
BAR and EF3 BAR shown in FIG. IIA of US. Pat No. 
4,692,147 ("'147 Patent"). Before converter 140 is con- 
nected to fee terminals, fee demodulator 101 currently 
shown in FIG. IIA would be discMmected. 

The present invention may be implemented by providing 
seven different drug dosages from 0 dosage to a 1.0 ml 
dosage wife 0.1 ml inaements between cbdoes. The time 
interval between dosages can be selected between one and 
twdve hours in seven dioices. This is fee same type of 
dosage and interval described in connectiai wife device 10 
shown in toe '147 Patent (cdumn 5, beginning at line 63). 
The seven drug dosa^ and corresponding ttme increments 
may be loaded into RAM 102a (FIG. IIB) of the '147 
Patent The appropriate drag dosage and Interval is sdected 
by a computer algorithm that reads fee output of converter 
140 and malces fee appropriate selection. 

One exen5)laiy computer algorithm is shown in FKJ. 3. 
Microprocessor 100 induded within device 10 reads con- 
verter 140 in stq> ISO. and stores one or mere values in 
30 RAM 102a in step 152. One of seven dosages is selected in 
step 154, and an ap[Fopriatc time interval is sdected in step 
1S6. The selected dosagp and interval of a drug is then 
delivered througli cafeetcr 22 and tube 22A to fee basal 
ganglia of fee brain as described in fee ' 147 Patent 

For sonK; types of seizure disorders, a microprocessor and 
analog to digital converter will net be necessary. The output 
from sensor 130 can be filtered by an ^propriate electronic 
filter in order to provide a control signal for a pxnnp of fee 
type shown in fee '147 Patent. 

The type of drugs administered by device 10 into fee brain 
depend on fee ^dfic location at which distal end 25 of tube 
22A is sui^cally implanted. The appropriate drugs f(H- use in 
connection wife fee portion of fee basal ganglia or thalamus 
in whicih tube 22A terminates, togefeer wife fee effect of fee 
drug on that portion of fee brain is provided in fee following 
Table I: 



35 



40 



TABLE I 



30 EFFECT 



POKnON OF BRAIN DRIK3 



DESYNCHKONIZE SEIZUKE FOCUS 
NEURONAL 

Acnvrrv 



INCEEASB 
INHIBmON 
DECREASE 

ExcnxnoN 

XNCKBASB 
BXCXDOION 
DECREASE 
INHtDmON 
INCKBASB 

DECKHAfIB 

EJOcnAnoN 

mCREASB 
65 iNHffimON 
DECREASE 



60 



ANTERIOR 
THAUUrfUS 
ANIERJOR 
THALAMUS 
VL THALAMUS 

VLTHAU^MUS 

apysNr 

Ca4^Sftr 



SIN 



STN 



OABA agottistfuptate 
Aoestbeiic 

OABA sgonist^iqitalce 

Ohnanuue o^oaist/iiptake 
QASA antagonist 
GABA afooiitfttptikc 
OlutsnuUc mtasooist 
GABA apmistftqttake 
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TABLE I-continued 



TABLE m-continucd 



EFFECT 



PORTION OP BRAIK DRUG 



DRUG CLASS 



SPEOHCDRUO 



- DOSINQ RANGE 



EXCTDOTON 

UICRBASB 

EXCirAllON 

DECREASE 

INHIBrnON 

INCREASE 

DOPAMINE 



OPc 
GPe 

NEOSTRIATUM 



istaintoi 

QABAaol^gaoist 
mtubttor 



Dopamine Amagooist 



10 



In the foregoing T^le I, VL Thalamus means ventndatcral 
thalanuis; GPl means internal segnacnt of globus pallidas; 
SNt means substantia nigra, STN means subthalamic 
nucleus; Deostrlatum means the combination of the caudate 
nudeus and the putamen; and GPe means external segment 
of globus palUdus. 

Typical stereotaxic coordinates for the portions of a 
normal brain dcsoibed in Table I are identified in the 
following Table 11: 

TABLE n 



Dopsmme Agonist 
Dopamine ASDtosi 
(coct) 



(^) BpamotpAiiD: Hcl 

Hcl 
halcrpcridal 

methsnesulfocste 
(— ) mo nur p hm c 
peigolide 

t iVt^m* hydrodbJoriile 



05-25 muM 
1-100 nmM 
iO-100 msM 
5-20 mnM 
ai-lOmuM 
ltt-100 mnM 
0.05-1 omM 
1-10 nmM 
10-30 miM 

5-20 nmM 



MEDIAL^ - 
LATERAL 
BRAIN REGION DIMENSION 



DORSAL- ANTERIOR- 
VENTRAL POSTERIOR 
DIMENSION DIMENSIOT* 



Antcrkv Tbalamui 


0:2 to 1^ 


0.2 TO 1.3 


OJTO-OJ 




VL llialaraus 


0.7 to IS 


1.5 to -0.2 


(XDto 


-1.0 




GPi 




0.5 to -^J 


0.7 ttJ 


2D 




SN 




-0.6 to -1.5 


0.7 to 


-0.7 


30 


STN 


0 J to 2.0 


OS) to -1.0 


0.6 to 


-1.0 




GPe 


1.6 to 2.7 


IJ)to -1.0 


2jOto 


-1.0 




Stritnaa: 












Caudate 


0.S to 2D 


1 J » 3.0 


1.5 to 


30 






1.2 to 33 


lJte-1.0 


2.5 to 




35 



In the foregoing table: the medial-lateral dimensions arc 
relative to midline of the brain; the anterior-posterior dimen- 
sions are relative to the midpoint between the antarior 
commissure and posterior corainissurc with negative indi- 
cating the posterior 'direction; the dorsal-ventral dimensions 
arc relative to a line connecting the mi(%>oint5 of the anterior 
and postcrioi corajnissures widi negative being ventral to; 
all dimensions are in ccntinictcrs. 

Exemplary ranges of dosages and drug concentrations for 
the drugs identified in Table I are provided in the following 
Table IIL 



TABOEin 


DRUG CLASS 


SPECIHC DRUG 


DOSIKO RANGE 


Gluttmite Afioniit 


D'CycLoaeriiM 


1-10 muM 




L-AP* 


1-10 tnuM 




Carboxyphcnylglyci&e 


10-500 moM 




L-glutamic acid 


1-100 tcuM 




cU-Piperidiiic-2^- 


1-10 muM 




dicarboiyUc acid 






{•+/->-trw»-ACro 


1-10 nmM 




L.AP4 


1-10 nmM 


Ghttanitto Actagooists 


MKB01((Hzoci]^iDa) 


1-20 maM 






5-50 B»M 




AP-3 


1-10 muM 




DcdroiDctboq^tDm 


1-100 muM 




Mcro 


0.02-10 muM 




dcurarphaa tartiate 


1-100 muM 




CNQX 


l-lOOmuM 


OABAAfonisu 


back) fen 


0.1-10 iQuM 


□msciDOl HBr 


100-500 miiM 


OABA Antmcxiists 




l-SOmuM 



In tilc preceding table, muM means miaomdar. 

Alternatively, these agents might be infused into the 
lateral vcntride or third ventricle of the brain or just beneath 
the dura above the cortex or in the intrathecal si»cc. In this 
instance the drug would diffuse to the af^^ropriatc site of 
20 action. 

A drug can be delivCTed essentially continuously (within 
the constraints of the particular deUveiy device being used) 
or it may be delivered during intermittent intervals coordi- 
nated to reflert the half-life of the particular agent being 
23 infused or arcadian rhythms. As an eataraple. seijaires may 
normally increase at night when the person is sleeping so the 
drug delivery rates mig^t be increased to coincide with the 
hours between 10 p.m. and 7 a.m. 

Microprocessor 100 within device 19 can beprt^rammed 
so that a controlled amount of drag can be delivered to the 
specific brain sites described inTable L Alternatively, sensor 
130 can be used with a dosed, loop feedback system in order 
to automatically determine the level of drug delivery nec- 
essary to alleviate neural synqxtrans as described in connec- 
tion with FKj. 3. 

The applicants have discovered tihat tlie eflBcacy of treat- 
ment may be enhanced if the neural tissue is stimulated 
while drugs are being administered as described above. The 
stimulation can be achieved by a modified farm of the 
40 rrREL n signal generator implemented as device 16 (FIG. 
1) wMdi is described in FIG. 4. The ouipot of sensor 130 is 
coupled by cable 132, comprising conductors 134 and 135, 
to the input of an analog to digital converter 206. 
Alternatively, the output of an external sensor would oom- 
45 municate with the implanted pulse generator thrwigh a 
tdemetty downlink. The (Mitput of the analog to digital 
converta 206 is connected to a microprooeasor 200 through 
a pcrif^aal bus 202 induding address, data and control 
lines. Microprocessor 200 processes the sensor data in 
30 different ways depending on the type of transducer in use. 
When the signal on sensor 130 exceeds a level pr<^araii»ed 
by the dinidan and stored in a memory 204. increasing 
amounts of stimulation will be applied through an ouqnit 
driver 224. 

33 The stimulus pulse frequency is coirtrolled by program- 
ming a value to a programmable frequency generator 208 
using bus 202. The programmable frequency generator 
provides an interrupt signal to microprocessor 200 through 
an intenupt line 210 when each stimulus pulse is to be 

60 generated. The frequency generator may be implemented by 
modd CDF187& sold by Harris Corporation. 

The amplitude for each stimulus pulse is programmed to 
a digital to analog converter 218 using bus 202. The analog 
output is conveyed through a conductor 220 to an output 

65 driver circuit 224 to control stimulus ampHtudc. 

Miaqnocessor 200 also pro-ams a pnlse width control 
module 214 using bus 202. The pulse widfii control provides 
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an enabling puls« <rf duratioD equal to tbe pulse vfidSi via a 
conductor 216. Pulses with tbe selected cbaractetistics are 
then delivered from device 16 through cable 22 and lead 22A 
to the basal ganglia^ thalamus or other region of the brain. 

Microprocessar 200 executes an algorithm (not shown) in 
order to frovide stimulation with dosed loop feedback 
control. At the tunc the stimulation device 16 is implanted, 
the dinidan programs certain key parameters into die 
memory of the inqilanted device via telemetry. These param- 
eters may be updated subsequently as needed. Alternatively, 
the dinidan may dect to use default values. The dmician 
must program tbe range of values for pulse width, amplitude 
and frequency which device 10 may use to optimize the 
therapy. 

The algorithm for sdecting parameters is different 
depending on whether the dinidan has chosen to block the 
neural activity at the stimulation target or facilitate the 
neural activity. If the neuronal activity h to be blocked, 
device 16 wiU be programmed with a frequency in the range 



TABLE IV-continued 




STIMULUS 




EFFECT 


TYPE 


LOCAnON 


INCREASE INHIBmOJl 


LOWFKBQ. 


GPe 


OFSTEN 


SmMULAlION 




DECREASE EXCHMIDN 


HKDJ FREQ. 


STN 


OFSTEN 


BLOCKING 






^nMULAIION 




INCREASE EXCHAnON 


LOWFREQ. 


CPt 


OPGPe 


AcnvAHNO 






SnMUUOION 




EECREA3E EOnBinON 


fflCOIFREQ. 


Noostrisluni 


OF GPe 


SLOCKING 










INCREASE INfflHTITDN 


LOWFREQ. 


SnUAKHMUDAL 




ACnVAONO 


FIBER PATHWAYS 




SmiULAIlON 





In the foregoing TMc IV, VL Thalamus means ventrolflterd 

„ „\ - . -ti.- . J *w thalamus; GK means internal segment of globus palUdus; 

50to2500Hz-IftheDeurooalacuvityistobcfadIltaied,the M substantia nigra, STN means subthalamic 



Stimulus frequency is chosen in the range of 2 to 100 Hz. 

The stimulation may be applied continuously to jwophy- 
lacticalty prevent the onset of seizures or it may turn on in 
re^onse to a signal on sensor 130 indicating the beginning 
of a seizure. Stimtilus parameters can be adjusted by the 
cnmpiittfT algorithm within a range specified by the clinfdan 
in an attempt to optimize the seizure suppiression. 

Electrical stimulation of neural tissue may be imple- 
mented by providing pulses to electrodes 38 and 40 (FIG. 6) 



nudeus; LT means the Lentlculo-thalamic fiber pathway; 
neostriatum means the combination of the caudate nudens 
and the putamcn; and GPe means external segment of globus 
pallidus. 

Cooidin^es for the portions of the brain described in 
Table IV are the same as described in connection with Table 
IL 

A miaroprocessor or custom integrated drcuit within 
device 16 can be prograimned so that the desired stimulation 



U.^ a.»pU«d« of 0.1 .o 20 va.^. pulse wi<mu v^ag » ^ ?fJS«f » "Jf J^5«f,^,^2^^^^ 



from 0.02 to 1.5 milliseconds, and repetition rates varying 
from 2 to 2500 Hz. The ^rojKiate stimulation pulses are 
gcaerated by device 16 based on the computer algorithm and 
parameters set by the clinician. 

For some types of sdzure disorders, a nuCTOprocessor and 
aoalt^ to digital converter will not be necessary. The ou^at 
from sensor 130 can be filtered by an a^jtopri^*' electronic 
filter in oidcr to provide a control signal for device 16, 



IV. Altemativdy, sensor 130 can be used with a dosed loop 
feedback system in order to automatically detennine the 
type of stimulation necessary to alleviate seizure symptoms 
based on the above-described treatment re^en. 
35 FKjS. 7A-7C iHustralE various times at which infusion 
and stuuulation can be applied by tube 22A. For example, 
reforing to HG. 7A, following recognition of neural activity 
suggpsting the onset of a seizure, iniusion alone, can be 
applied from time Tl to T2. If the infusion is adequate to 



The type of stimulation administered by device 16 to the ^ suppress the neural activity, thereby preventing die onset of 

brain depends on the spcdfic location at which the dec- seizure, the infusion would stop after some time has 

erodes 38 and 40 of tube 22A are surgically iii?)lanted. The * lapsed ^ ^ a change in the signal detected by sensor 

appropriate stimulation fOT Ae portion of the basal g^inglia ^ j^^^ activity detected by 

or thalamus in which tube 22A tcnninatcs, together with the ^^^^ indicates potential seizure activily is not being 

effect of the stimiulation on feat portion of the brain for ^, suoorcssed. then infusion and stimulation can be both be 



seizure disorders is provided in the following Table IV: 



TABLE rv 




STIMULUS 




EFFECT 


TYPE 


LOCAHON 


DESYNCHRONEE 


HIOH 


SEIZURE FOCUS 


SKtZURH FOCUS 


FREQUENCY 




INCREASE EKCirAHON 


LOWFREQ. 


VL THALAMUS 


OF VL THALAMUS 


snMuumoK 




DECREASE EMHIBTnON 


mOHFREQ. 


Cffi/SNr 


OF VL THALAMUS 


BLOCEIKO 






SnWULWION 




DECREAHB EXCIIA3TC»i 


HIGH 


ANTERIOR 


OP ANTERIOR 


FREQUENCY 


thalamk: 


THALAMUS 


STTMin^TTDN 


NUCLEUS 


INCREASE INHmmON 


LOWFREQ. 


- saiatopallidal fiter 


WOFi/SN 


SnMULAHON 




INCREASE INHIBmON 


LOWFREQ. 


Neostriuum 


OFGPi/SN 


snMuutnoN 




OBCR£A££ BXCTIXnON 


IDGH FFEQ. 


GK/SNr 


QFGPiCT* 


BLOCKING 






SnMULAnON 




INCREASE INHmmON 


LOWFREQ. 


GPe toSTO fiber 


OPSIN 


STIMULAnON 





applied from time T2 to T3 in an cffcfft to suppress the 
seizure. Infusion and stimulatiori would be terminated after 
some time has elapsed or after an appropriate change of the 
signal on sensor 130. While stimulation is superposed on the 
30 haficgmiind of iofiislon In this embodiment, Emptying infti- 
sion on a bat^ground of stinmlation is also possible and may 
be equally or more effective for some sdzure types. 

Rdening to FIG. 7B, the stimulation might be applied 
periodically during the period of infusioii cither routinely or 
55 in response to sensor or patient genaated demand. A con- 
tinuous tonic infusion of a pharmaceutical agent (or 
stimulatiOD) uncoupled from any sensor would provide 
general seizure suppression while coupling the stinaulation 
(or inAision) to the sensor signal would provide additional 
60 therapy in response to a "break throu^" seizure. 

Refeiring to FIG- 7C, the infusion of an agent to activate 
a noiFonal piopulatLOQ might be altanated with application 
of dectrical stimulation of that same population. Alternating 
the infusion and stimulation therapies may provide added 
65 benefit to continuously applying only one fonn. of the«?)y. 
By using the foregoing techniques for dmg infusion and 
clcctricd stimulation, neural disorders, including epilepsy, 
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can be controlled with a degree of accuracy prcvioosly 
unattainable. Those skOled in that art will reoogoizc that the 
preferred embodimcQts may be altered or amended without 
departing from the true spirit and scope of the invention, as 
defined in the accx)inpan>ing claims. 5 
We daim: 

1. A method of using at least one drug and electrical 
stimulation to treat a neurological disorder producing a 
condition resulting from an onset oS a seizure in a body by 
means of an iropltmtable pun^ and a catheter having a to 
proximal end coupled to said pump and a dischaige pcfftion 
for infusing thcr^utic dosages of said at least one drug and 
by means of an implantable signal generalor and at least one 
dectrodc, said method comprising the st^s of: 
surgically In^lanting said catheter in a brain so that tiie 
discharge portion Ues adjacent a predetermined infu- 
sion site in the brain; 
implantiTig said signal generatCHT in said body; 
implanting said at least one dectrode adjacent said pre- 

determined infusion site; 
coupling iaid at least one dectrode to said signal genera- 
tor; 

generating stimulation pulses with said signal generator; 
and 25 

operating said pump to discharge a prcdetcimincd dosage 
of said at least one drug (hrou£^ said discharge portion 
of said catheter into said infusion site, whereby said 
□eurologtcal disorder is treated by drug infusion and 
said stimulation pulses. 



2. A method, as clflimed in claim 1, wherein said neuro- 
logical disorder is epRepsy, and wherdn said predeterminjed 
infusion site is selected from the group condsting of a 
sedzute focus, anterior Chalamns, venlrcdateral thalamus 
CThaJ), internal segment of glotMis pallidus (GFi), substantia 
ni^ pais reticulata (SKr), subthalamic nudeus (STN), 
extemal segment of ^obus pallidus (OPe), and neostriatum. 

3. A method, as claimed in daim 2, wherdn said at least 
one drug increase exdtation or decrease inhibition of one or 
more of said ventrolateral thalamus (Thai) and external 
segment of globus pallidus (GPe). 

4. A mediod, as claimed In daim 2, wherdn said at teast 
one drug increase inhibition or decrease exdtation of at least 
one drug of. said anterior thalamus, internal se gment of 
globus pallidus (GPl), substantia nigra pars reticulata (SNr) 
and subthalamic nudeus (STN). 

5. A method, as claimed in daim 2, wherdn said at least 
one drug are sdeded from the group consisting of a 
glutamate antagonist, a glutamate agonist a 7-^anunobutyrlc 
add (GABA) antagonist, a y-aimnobutyric add (GABA) 
agonist, a dopamine (DA) agonist and an anesthetic 

6. A method, as claimed. In daim 1 , and further conqiris- 
ing the steps c^: 

generating a sensor signal In response to said condition 
resulting from the onset oi a seizure; and 

altering said operation of said pump and said , signal 
generator in response to said sensor agoal for changing 
said predetermined dosage and said stimulation pulses. 
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